Abstract: The aim of this study is to investigate the genetic influence on the cerebral cortex, based on the analyses of heritability and genetic correlation between grey matter (GM) thickness, derived from structural MR images (sMRI), and associated white matter (WM) connections obtained from diffusion MRI (dMRI). We measured on sMRI the cortical thickness (CT) from a large twin imaging cohort using a surface-based approach (N 5 308, average age 22.8 6 2.3 SD). An ACE model was employed to compute the heritability of CT. WM connections were estimated based on probabilistic tractography using fiber orientation distributions (FOD) from dMRI. We then fitted the ACE model to estimate the heritability of CT and FOD peak measures along WM fiber tracts. The WM fiber tracts where genetic influence was detected were mapped onto the cortical surface. Bivariate genetic modeling was performed to estimate the cross-trait genetic correlation between the CT and the FOD-based connectivity of the tracts associated with the cortical regions. We found some cortical regions displaying heritable and genetically correlated GM thickness and WM connectivity, forming networks under stronger genetic influence. Significant heritability and genetic correlations between the CT and WM connectivity were found in regions including the right postcentral gyrus, left posterior cingulate gyrus, right middle temporal gyri, suggesting common genetic factors influencing both GM and WM. Hum Brain Mapp 37:2331-2347, 2016. 
INTRODUCTION
A vast number of neurons whose cell bodies reside in the cortical gray matter (GM) connect with other parts of the central and peripheral nervous system via white matter (WM) pathways beneath the cortex. The extent to which these neural networks are genetically determined and the common genetic influences underlying both WM and GM in these networks are of considerable interest for improving our understanding of brain development and diseases.
The cortical thickness (CT) and WM integrity measured by diffusion tensor imaging (DTI) were found to be positively correlated across the lifespan [Kochunov et al., 2011a] , while GM density was found to decrease during WM growth [Sowell et al., 2003] . In developing brains, CT starts to decrease from childhood, and continues throughout adolescence into adulthood [Shaw et al., 2008 , Wierenga et al., 2014 . Potential common mechanism has been postulated to underlie the trajectory of WM developments and cortical GM thickness changes over the live time [Kochunov et al., 2011a] , and a number of genes were suggested to have influences on GM and WM jointly [Kochunov et al., 2011b] .
In this study, we aimed to investigate the genetic influences upon the cerebral cortex within a large twin cohort synthesizing information derived from cortical GM and the associated WM pathways that connect the various cortical and subcortical structures. To achieve this goal, we measured CT of GM using structural MRI (sMRI) and analyzed the WM tracts using diffusion MRI (dMRI) in an independent fashion. The heritability patterns shared by independent WM and GM measurements allowed us to identify neural networks formed by WM tracts under strong genetic influence which also connect the cortical regions with heritable GM measures. We used a bivariate model to estimate the phenotypic and the genetic correlation between WM and cortical GM thickness on the twin cohort. By genetic analysis using twin data, we are able not only to ascertain the correlation between CT and the WM development, but also to explore if they may be attributed to the influences of common genes.
The patterns of genetic influences on cortical structures derived from sMRI have been extensively reported in the literature [Eyler et al., 2012; Hulshoff et al., 2006; Joshi et al., 2011; Lenroot et al., 2009; Panizzon et al., 2009; Thompson et al., 2001; Winkler et al., 2010] . As cortical folding varies significantly among population, even between monozygotic twins [Bartley et al., 1997; Biondi et al., 1998 ], we carried out the genetic analysis using a surface-based approach [Joshi et al., 2011] . We estimated the thickness of cortical GM on structural MR images [Acosta et al., 2009] and used a surface-based approach to establish the correspondence of cortex across the population. Vertex-based statistical analysis [Acosta et al., 2012] was employed to evaluate the genetic influence on the GM thickness.
As for the WM, a number of studies using DTI have found heritable measures in fractional anisotropy [(FA), Chiang et al., 2009; Jahanshad et al., 2010; Kochunov et al., 2010] , geodesic anisotropy [Jahanshad et al., 2010] , mean diffusivity [(MD), Jahanshad et al., 2010] , radial and axial anisotropy [Jahanshad et al., 2010; Brouwer et al., 2010] , and full diffusion tensor . It is now well established that tensor based metrics, such as FA or MD, are not optimal for studying connectivity within complex WM architecture [Tuch et al., 2003; Vos et al., 2011] . We used measurements based on the Fibre Orientation Distribution (FOD) reconstructions by constrained spherical deconvolution [Tournier et al., 2008] on HARDI data, and mapped the heritability of FOD-based measures to the connected cortical regions. Using this approach we reported earlier that anatomical connectivity networks exhibit different degrees of heritability [Shen et al., 2014] .
MATERIALS AND METHODS

Participants
The twin participants in our study were from a subsample of the Queensland Twin Imaging (QTIM) cohort. It consisted of 328 subjects, among which 71 pairs of monozygotic (MZ) twins and 90 pairs of dizygotic (DZ) twins were used in the previous heritability analysis of dMRI [Shen et al., 2014] . Using the same cohort, the sMRI of 308 subjects consisting of 70 MZ pairs and 84 DZ pairs that passed visual image quality control and were successfully analyzed by CT estimation pipeline, were used in the heritability analysis of CT. A subset of 38 subjects with CT estimated on repeated scans were analyzed to establish the test-retest reliability of the CT. These subjects were scanned twice on average 3-month intervals (109 6 51 days, range 36-258 days). The demographic information of the subjects used in each analysis is shown in Table I . For comparison, the demographic information of previously published dMRI analysis on the same cohort [Shen et al., 2014] is also listed. Zygosity was determined by genome-wide single nucleotide polymorphism genotyping (Illumina 610K chip) in approximately 90% of participants. If this was not available, zygosity was established by genotyping nine independent DNA microsatellite polymorphisms using polymerase chain reaction, and cross-checked with blood group results and phenotypic data [Wright and Martin, 2004] . All subjects included in the cohort are right-handed, assessed based on 12 items from Annett's Handedness Questionnaire (Annett et al., 1970) . All subjects were screened using a detailed neurocognitive evaluation to exclude cases of pathology known to affect brain structure. No subject reported a history of significant head injury, neurological or psychiatric illness, substance abuse or dependence, or had a first-degree relative with a psychiatric disorder [Wright and Martin, 2004] .
Image Acquisition
The T1-weighted and diffusion-weighted images were acquired on a 4T Bruker Medspec whole-body scanner (Bruker Medical, Ettingen, Germany). Three-dimensional T1-weighted images were acquired with a magnetizationprepared rapid gradient echo (MPRAGE) sequence to resolve anatomy at high resolution. Acquisition parameters were: inversion time (TI)/repetition time (TR)/echo time (TE)5700/ 1500/3.35ms, flip angle 5 88, slice thickness 5 0.9 mm with a 256 3 256 3 256 acquisition matrix. Diffusion images were acquired using a commercial single shot echo planar multidirection diffusion weighted sequence, employing a dual bipolar diffusion gradient and a double spin echo. The imaging parameters were: 55 axial slices; 2 mm slice thickness; field of view 23 cm 3 23 cm; TR/TE 150/92.3 ms; acquisition matrix 128 3 128, resulting in an in-plane resolution of 1.80 x 1.80 mm. Ninety four diffusion-weighted images were acquired at b 5 1159 s/mm 2 , in which the encoding gradients were distributed in space using the electrostatic approach [Jones et al., 1999] , along with 11 non-diffusion weighted images (b 5 0).
Structural MR Image Processing and Cortical Thickness Estimation
Details of the surface-based approach we used for CT estimation analysis were described by Acosta et al., [2012] . Briefly, for each subject, the 3-dimensional T1-weighted image was segmented into GM, WM, and cerebrospinal fluid (CSF) using an expectation maximization (EM) segmentation algorithm [Acosta et al., 2009] . The EM algorithm computed probability maps for each tissue type, which were discretized by assigning each voxel to its most likely tissue type. Partial-volume effects due to the limited imaging resolution relative to the size of some anatomical structures was taken into account by the classification and estimation of tissue composition in voxels to increase the precision of CT estimation in regions such as deep sulci. Topological corrections were also applied to deep sulci, and the GM segmentation was constrained to be a continuous layer covering the WM [Rueda et al., 2010] . The segmentation method used 9 different atlases to reduce the error induced by misregistration of the atlases. Each individual T1-weighted image was then segmented nine times and a majority voting rule was used to establish a consensus for pure tissue segmentation.
Once pure tissue segmentation and partial tissue classification were performed, the CT of the resulting GM was computed using a combined voxel-based approach. The cortical thickness values were mapped from the image to the cortical surface mesh, which was geometrically smoothed and registered to a common template mesh by a multi-scale EM-ICP algorithm [Dore et al., 2011] . A 10-mm Laplace-Beltrami smoothing was then applied to the CT values on the template mesh.
In addition to the analysis of vertex-based CT values, we also performed ROI-based analyses of CT. In the ROI-based analysis, we computed the average CT in each cortical ROI, which reduced the noise. The cortical ROIs in our analysis were defined by Automated Anatomical Labeling [(AAL), Tzourio-Mazoyer et al., 2002] atlas on the common template. 
Diffusion MR Image Processing
The method for dMRI data processing and analysis was described previously [Shen et al., 2014] , a brief description follows. The diffusion-weighted images were pre-processed using point spread function mapping [Zaitsev et al., 2004] , with bias field [Tustison et al., 2010] and motion artifacts corrected [Raffelt et al., 2012; Rohlfing et al., 2008] . Constrained spherical deconvolution [Tournier et al., 2008] was used to estimate the distribution of the fiber population in each voxel, using the response signal from coherently aligned fibers [Leow et al., 2009] in the corpus callosum.
All the subjects' datasets were warped to a population brain atlas estimated iteratively. A population average template was created by averaging all the subjects' transformed data [Raffelt et al., 2012] . The same transformation field from each subject to the template was also used to transform the diffusion tensor map of each subject and to create an average FA map. By registering the average FA map to the JHU DTI atlas [Mori et al., 2005; Wakana et al., 2007; Hua et al., 2008] , the FOD map of each subject was realigned to the standard MNI space ( Fig. 1 for a visualization of FODs).
The amplitude of FOD peaks was measured on each subject spatially normalized to the MNI space. The three principal FOD peak amplitudes were identified in each voxel of the average FOD template using MRtrix , which were then used as template to match the likely peaks in each subject based on angular error. In voxels where the FOD peak the template failed to match the subject, the size of peak will be considered 0. For each voxel, the two largest FOD peaks were used in subsequent analyses described below, unless the second highest FOD peak was lower than 0.1, in which case only one FOD peak was considered [Jeurissen et al., 2013] .
Tract-Based Measures of Connectivity
We performed whole brain probabilistic fiber tracking on the population average FOD template, creating a tractogram of WM tracts consisting of cortico-cortical connections between various regions of cortical mantle (GM), and links between the cerebral cortex and subcortical nuclei. Using AAL atlas, we generated 2 million tracts from each cortical and subcortical region, resulting a whole-brain tractogram of approximately 170 million tracts. To compute the average connectivity of a tract, we projected the size of FOD peaks in each subject onto the fiber tracts in the template tractogram. When a tract intersects voxels with two distinct peaks, the size of the peak along the direction of the tract was chosen. We considered an FOD peak and the passing tract to be in the same direction when they form an angle less than 458 [Shen et al.,, 2014] . In case where the tract passes a voxel where no peak was found to be in the same direction, the value projected was set to zero. A reliability mask was used to filter the estimates with test-retest reliability over 0.6 [Guo et al., 2012] . To characterize the connectivity of each tract, we used the "trimmed" mean over the entire stretch of the tract, removing extreme values that arose due to large deviations away from the FOD peak directions or low reliability. The trimmed mean was computed by removing the 5% highest and the 5% lowest values.
We identified the set of tracts in the tractogram that ended in each cortical ROI, and computed the connectivity between each pair of ROIs by averaging the FOD measures along all tracts between them. To characterize the connectivity of a particular cortical ROI with the rest of the brain, and we also computed the average FOD measures along all tracts that ended in that given region.
Estimation of Heritability
We compared subjects with repeated scans to evaluate the test-retest reliability of our measurements. We used the intraclass correlation [(ICC), Shrout and Fleiss 1979] to evaluate the test-retest reliability of CT and FOD measures. Negative ICC estimates were clamped to zero (Bartko, 1976] , such that the variance remained nonnegative, consistent with the interpretation of ICC. Measurements were corrected for age and sex.
The covariance of genetic and environmental factors were expected to be different among MZ twins and DZ
Figure 1.
Fiber orientation distribution (FOD), with the cap of corresponding peak color-coded by the heritability index h2 of its amplitude, overlaid on the fractional anisotropy (FA) map. The body of FOD apart from the peak colored in blue.
r Shen et al. r r 2334 r twins, as MZ twins share identical genes whereas DZ twins share on average only half of their genetic variants. Using an ACE model, FOD peak amplitudes were assumed to be subject to the influence of three factors: additive genetics A, common environment C, and residual E due to unique environment and measurement errors which are independent between individuals. We thus assumed that
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where observed measurement Y is vertex-based CT value or cortical ROI-average CT in the analysis of GM using sMRI, and the FOD peak measure in the analysis of WM using dMRI.
APACE package [Chen et al., 2013] 1 was used to compute the non-negative least squares estimates [Lawson and Hanson 1995] of the variance components, which provides estimates with the mean squared error within 6 5% of that of the standard package OpenMx [Boker et al., 2011] and similar bias and variance properties. Based on the variance estimation, we calculated the heritability index h 2 5
and the proportion of variance due to common environment c 2 5
A likelihood-ratio test (LRT) comparing ACE model with CE model (i.e., common environment C and unique environment E) was used to assess the significance of the additive component A and to decide whether to reject the null hypothesis A 5 0 [Visscherv 2004]. The P-value of the test was estimated from the probability distribution of the test statistic, which is asymptotically a chi-squared distribution with 1 degree of freedom. Likewise, the significance of the variance component C of the common environment is evaluated by a LRT comparing ACE model with AE model (additive component A and unique environment E only).
In the vertex-based analysis of CT, the total number of LRTs is the number of vertices in the template mesh of both hemispheres. In the FOD-based WM analysis, the total number of LRTs is the number of FOD peaks (namely, the number of WM voxels with at least one FOD peak 1 number of voxels with two FOD peaks). To address the issue of multiple comparisons, we applied the False Discovery Rate [(FDR), Benjamini and Hochberg, 1995] to control for the significance of LRTs on FOD peaks and cortical surface vertices.
Genetic Correlation Between Connectivity and Cortical Thickness
The CT is calculated for each region individually in the typical settings of an ROI-based analysis, while the WM connectivity derived from dMRI is usually measured between a pair of brain regions. To examine the common genetic influences between these two types of measures, we computed the cross-trait genetic correlation first for each cortical region (the two traits being the given region's average FOD connectivity measure and its CT), and then for each pairwise connection (the two traits being the FOD connectivity measure of the connection and the average CT of the regions linked by the given connection).
For each cortical ROI, the regional average connectivity is computed by averaging the mean FOD peak size along all the tracts connecting to that cortical region. We used this connectivity measure as one variable and the average cortical GM thickness of the given ROI as the other to calculate the genetic correlation. To reduce the number of statistical tests, we limited our analyses to the regions with (1) the reliabilities of the average FOD measure and the CT are greater than 0.6; (2) the heritabilities of the average CT and the average FOD computed for the given region should be greater than 0.2, as the variance of cross-trait genetic correlation estimator is inversely proportional to the heritabilities of both traits [Visscher, 2004] .
For the analysis of pairwise connections, we computed the average FOD peak size along all the tracts terminating in them as the measure of connectivity for the pair, and the average CT of the given two ROIs as the other variable in the calculation of genetic correlation. Apart from the same inclusion criteria selecting the pairwise connections between regions with CT and FOD reliabilities >0.6, as well as average CT and FOD h 2 > 0.2, we also excluded connections with less than 250 tracts in the tractogram from the analysis as few tracts generated may not represent a viable connection between them.
A bivariate AE model was used to estimate the crosstrait genetic correlation. The genetic correlation is computed by maximum-likelihood estimation using OpenMx package [Boker et al., 2011] . The phenotypic correlation and the correlation between the cross-trait environment components were also estimated. The LRT was used to assess the significance of the cross-trait correlations. The significance of the genetic correlation and that of the environment correlation were assessed by the LRT comparing the AE model with a constrained model with fixed zero cross-trait genetic correlation, and with a model with zero correlation between cross-trait environment components, respectively. To estimate the significance of the phenotypic correlation, the LRT compared the AE model with a model in which both genetic and environment correlation were fixed to zero. The FDR adjustment was then applied to address the issue of multiple comparisons.
RESULTS
ACE Decomposition of Cortical Thickness
The vertex-wise CT heritability was mapped onto the cortical surface shown in Figure 2 , and the average heritability in each ROI is listed in Table II . In vertex-based analysis, bilateral postcentral gyri, paracentral lobules, superior parietal gyri, right medial superior frontal gyrus, and left superior occipital gyrus were among the heritable cortical regions with average h 2 > 0.4. Significant additive genetic component (FDR adjusted P < 0.05) was found on vertices in the bilateral postcentral gyri, superior occipital gyri, superior parietal gyri, precuneus, the orbital part of the right frontal gyrus, right medial superior frontal gyrus, right middle occipital gyrus, right paracentral lobule, left precentral gyrus, and left dorsolateral superior frontal gyrus.
The heritability of ROI-average CT is shown in Figure 3 , and detailed results are listed in Table III . In the ROI-based analysis, with FDR adjustment for 82 ROIs, we detected significant additive genetic influence on the average cortical thickness in bilateral precentral and postcentral gyri, paracentral lobules, middle frontal, superior and middle occipital, superior parietal, middle temporal gyri, left supplementary motor area, triangular part of the left inferior frontal gyrus, left rolandic operculum, posterior cingulate, angular gyrus, the medial, orbital and dorsolateral part of the right superior frontal, opercular part of the right inferior frontal, right anterior cingulate and paracigulate gyri, right inferior occipital, inferior parietal, supra-marginal gyrus, precuneus, fusiform, superior temporal gyri.
It is interesting to note that in the orbital part of middle frontal and medial superior frontal gyrus, asymmetric heritability was found. The CT of these parts in the right hemisphere was found to be more heritable, but not in the left hemisphere.
The common environment component was not statistically significant over the cortical surface to reject the null hypothesis that the shared common environment component C 5 0 in the ACE model as compared to the AE model. The effects of common environment on ROIaverage CT were also found to be marginal and not statistically significant.
ACE Analysis of WM Fiber Tracts
For the comparison between the heritability patterns of CT and WM connections, we show in Figure 3 the results of ACE analysis we previously presented [Shen et al.,, 2014] . We show in Figure 4a the sagittal projection of heritable WM fiber tracts with average heritability index h 2 > 0.45. In Figure 4b ,c we show the results after mapping the average heritability along each tract on the cortical surface where it connected. For each cortical ROI defined by the AAL atlas, we plot the mean heritability of all of the tracts originating or ending in that ROI (Fig. 4b) , and the percentage of tracts terminating in each ROI that were found to be heritable at the level h 2 > 0.3 is shown in Figure 4c . The average heritability of tracts ending in the medial superior frontal gyri (left and right), medial orbitofrontal gyri (left and right), right paracentral lobule, and right hippocampus was greater than 0.3. A substantial subpopulation of fiber tracts (> 10%) ending in the left superior frontal gyrus, medial superior frontal gyri (left and right), medial orbitofrontal gyri (left and right), right 
Genetic Correlation Between Connectivity and Cortical Thickness
We analyzed the genetic correlations between WM connectivity and GM thickness in cortical 48 cortical regions 
TABLE III. (continued).
Cortical regions In each region, the average thickness is computed, and the heritability was estimated for the average thickness. The regions with cortical thickness estimates test-retest ICC < 0.6 are omitted. Table  IV , and the genetic correlation r g of the cortical regions are mapped to the cortical surface (Fig. 5) . We found the CT of the left posterior cingulate and the WM tracts connecting to it have the highest genetic correlation, other regions such as the opercular part of left inferior frontal gyrus, right postcentral gyrus, and right middle temporal gyrus also display high genetic correlation, but are not significant enough after adjusting for multiple comparisons. With the inclusion criteria, the genetic correlation was estimated for 1662 pairwise connections between cortical regions of reliable and heritable CT and connectivity measures. The FDR-adjustment was applied to the results of 1662 connections, and the significant findings are listed in Table V . The tracts showing significant genetic correlation are shown in Figure 6 . The majority of connections showing high degree of genetic correlation between their WM FOD measure and the cortical GM they connected were linked to the left posterior cingulate. In addition, the connection from right postcentral gyrus also showed significant genetic correlation.
DISCUSSION
There are three main findings from this study: (i) cortical thickness was found to be heritable in several cortical regions, including the paracentral gyri, various cortical regions in the frontal lobe, and the superior parietal gyri; (ii) the innervating WM tracts from these regions were also found to be heritable; (iii) in overlapping regions with heritable GM thickness and connected by heritable WM tracts, significant genetic correlations between WM connectivity and GM thickness were discovered, especially in the posterior cingulate gyrus.
In general, heritable cortical thickness measurements were found mainly in frontal and parietal lobes. Similar patterns in the heritability of cortical thickness have been reported in a prior study by Joshi et al., [2011] on the same twin study (using a different set of subjects) with the CT estimated using the FreeSurfer software. We found the pronounced heritability in the CT of precentral and postcentral gyri bilaterally along with the paracentral lobules continuous to them. Strong genetic influence has been reported in prior studies , and the development of the primary somatosensory cortex in these regions has been shown to be highly genetically determined [Lenroot et al., 2009] .
In the frontal lobe, we found CT in dorsolateral part of bilateral superior frontal gyri, bilateral middle frontal gyri, bilateral supplementary motor areas, medial and medial orbital parts of the right superior frontal gyrus show high heritability which have also been previously reported [Eyler et al., 2012; Panizzon et al., 2009] . Lenroot et al., [2009] found significant genetic effects on the CT in the frontal pole, dorsolateral and orbital prefrontal cortices, and prefrontal gyrus. A VBM study also revealed high heritability in GM density in medial prefrontal cortex and [Hulshoff Pol et al., 2006] . Thickness estimated in the right orbitofrontal cortex was also found to be heritable in our study, in agreement with prior findings of genetic influence in this area [Lenroot et al., 2009; Shen et al., 2014] . In contrast, a VBM study found the GM concentration not significantly heritable in this region [Schmitt et al., 2014] .
In the parietal lobe, our finding of heritable CT in the superior parietal gyrus agrees with previous reports [Lenroot et al., 2009; Panizzon et al., 2009] . Left precuneus CT was found to be heritable in one study [Panizzon et al., 2009] , while in our results the right precuneus was detected with higher heritability. Our results also confirmed the heritable CT of superior temporal gyri [Lenroot et al., 2009; Schmitt et al., 2014; Winkler et al., 2010] , where the GM density was also found to be heritable [Hulshoff Pol et al., 2006] .
By comparing the heritability of cortical GM thickness measured on sMRI and that of WM tracts measured using dMRI, we found that the regions where the cortical GM thickness is under strong genetic influence were also linked by WM tracts that were heritable. The paracentral gyri, especially the postcentral gyri and paracentral lobules were connected by the corticospinal tracts and commissural connections through corpus callosum which we found both to be heritable in our analysis of the dMRI [Shen The WM connectivity for each cortical region is computed as the average FOD peak size along all the tracts linked to that region a Unadjusted P < , 2014] . In the frontal lobe, The WM tractography analysis also found a number of tracts connecting these areas, via the highly heritable tracts projecting through the genu of corpus callosum [Brouwer et al., 2010; Pfefferbaum et al., 2001 , Chiang et al., 2009 . The tractographic analysis revealed that among the tracts projecting into the orbitofrontal cortex, fibers with higher heritability (h 2 > 0.3) included the inter-hemisphere connections found within the forceps minor and the inferior fronto-occipital fasciculi connecting the orbital surface.
In cortical regions with overlapping heritable measures from sMRI and dMRI, genetic correlations between these measures were also found. In particular, in areas such as the right postcentral gyrus, left posterior cingulate gyrus, and right middle temporal gyrus, we find not only that both their GM thickness and WM connections are heritable, but also indications of a significant genetic correlation that the WM and GM traits in these regions may share common genes that influence their development. Further analyses revealed that the genetically correlated WM tracts and GM cortices were connected via association fibres in the external capsule, projection fibres in the internal capsule, and commissural fibres linking the posterior cingulate through the splenium of corpus callosum. Kochunov et al., [2011b] reported significant phenotypic correlations between global as well as regional GM-FA trait pairs across the brain in an older cohort. Quantitative trait linkage analysis and single nucleotide polymorphism (SNP) association analyses limited to chromosome 15 localized a number of potential SNPs in RORA, NARG2, and ADAM10 genes that may influence the FA in the body of corpus callosum and the CT of the cingulate, and parietal, temporal, and occipital lobes.
It is interesting to note that in the regions where we observed significant genetic correlations between WM and GM, the environment components of WM and GM were The WM connectivity was computed for each pair of cortical region as the average FOD peak size along all the tracts between them. The average cortical thickness of a pair of regions is used as the other measure in the bivariate model. Only regions with reliable and heritable cortical thickness and connectivity measures (test-retest ICC > 0.6, h 2 > 0.2) are included. The false discovery rate (FDR) adjustment was applied to the 1662 connections included for the estimation of genetic correlation. Abbreviations: r p , phenotypic correlation; r g , genetic correlation; r e , environment correlation; -2log K: test statistic of LRT for genetic correlation; P g : P-value of LRT for genetic correlation. The environment correlations are not significant after FDR correlation, and therefore not listed. correlated in the opposite direction. Hence the sizes of the phenotypic correlations were smaller than those of the genetic correlations. In particular, in the right postcentral gyrus, as well as its connection with the left posterior cingulate, and the connection between the left posterior cingulate and the right superior parietal gyrus, we found the genetic correlations to be significantly negative, while the environment correlations were significantly positive (unadjusted).
The process of cortex thinning is present in young population over a wide range of ages (5 -32 years) with accelerated thinning during the adolescence [Zhou et al., 2015] , while in WM tracts consistent increase in FA and decrease in MD were found [Lebel and Beaulieu, 2011] . Despite the overall positive correlation between the CT and WM integrity during the lifetime [Kochunov et al., 2011a] , the correlations between WM connectivity and GM thickness are overall negative in our cohort (with the exception of the opercular part of the left inferior frontal gyrus), which falls in the age group (19 -29) during which general cortical thinning occurs. The thinning has been attributed to cortical area expansion due to WM volume growth [Seldon, 2005] , synaptic pruning [Huttenlocher and Dabholkar 1997, Sowell et al., 2004] , and myelin proliferation into the cortex [Lenroot et al., 2009 , Sowell et al., 2003 , 2004 . The cortical surface area expansion, in which the WM volume growth plays an important role [Seldon, 2005] , might have contributed to the thinning, but in the age range of our study the surface area remains stable [Amlien et al., 2016] . In addition, CT and cortical surface were also suggested to be subject to distinct genetic influences as low genetic correlation between them was reported in an sMRI study, despite that they are both highly heritable [Panizzon et al., 2009] . To test the hypothesis that cortical thinning is due to the migration of myelin toward GM/WM boundary, DTI was used to measure superficial WM maturation, and did not find substantial overlap between superficial WM and cortical thinning [Wu et al., 2014] , although cortical thinning and the decrease of mean diffusivity in distal WM from a depth of half of the CT beneath the GM/WM boundary was found to overlap and especially in sulcal regions [Vandekar et al., 2015] .
Common environmental influences on cortical development were previously found to be minimal, with an AE model the preferred method to characterize the genetic and environmental influences on cortical thickness [Eyler et al., 2011] . In our study, little effects of common environment were detected on the CT. However this may result from the limitation of the twin study design, which in many cases tends to underestimate the common environmental component, and attribute the excess MZ correlation to genetic effects [Grayson 1989; Hopper and Visscher, 2005] . [TQ2]In addition, given the sample size and the limitation of the ACE models, the common environment effects are difficult to detect [Visscher et al., 2008] .
Another limitation of the approach we used in this paper is that the heritability findings on cortex and WM were limited by the test-retest reliability of the measurements. We masked out those areas where the test-retest reliability was low (ICC < 0.6), so the error due to interscan variability is explicitly controlled in the result. As a result, several areas were not considered in the analysis although they may also exhibit interesting patterns of heritability.
